Objective: The aim of this study was to analyze the potential association of the plasma aldosterone concentration (PAC) with the metabolic syndrome (MetS) and its components in two German population-based studies. Methods: We selected 2830 and 2901 participants (31-80 years) from the follow-ups of the Study of Health in Pomerania (SHIP)-1 and the Cooperative Health Research in the Region of Augsburg (KORA) F4 respectively. MetS was defined as the presence of at least three out of the following five criteria: waist circumference R94 cm (men (m)) and R80 cm (women (w)); high-density lipoprotein (HDL) cholesterol !1.0 mmol/l (m) and !1.3 mmol/l (w); blood pressure R130/85 mmHg or antihypertensive treatment; non-fasting glucose (SHIP-1) R8 mmol/l, fasting glucose (KORA F4) R5.55 mmol/l or antidiabetic treatment; non-fasting triglycerides (SHIP-1) R2.3 mmol/l, fasting triglycerides (KORA F4) R1.7 mmol/l, or lipid-lowering treatment. We calculated logistic regression models by comparing the highest study-and sex-specific PAC quintiles versus all lower quintiles. Results: MetS was common with 48.1% (m) and 34.8% (w) in SHIP-1 and 42.7% (m) and 27.5% (w) in KORA F4. Our logistic regression models revealed associations of PAC with MetS, elevated triglycerides, and decreased HDL cholesterol in SHIP-1 and KORA F4. Conclusions: Our findings add to the increasing evidence supporting a relation between aldosterone and MetS and suggest that aldosterone may be involved in the pathophysiology of MetS and lipid metabolism disorders.
Introduction
The metabolic syndrome (MetS) is a cluster of multiple metabolic abnormalities, including visceral obesity, impaired glucose homeostasis, dyslipidemia, and hypertension. In the majority of cohort studies, associations of MetS with incident cardiovascular morbidity and mortality were observed (1, 2) . Yet, there is an ongoing debate on whether MetS improves cardiovascular risk prediction above its single components (3, 4) .
Aldosterone, a steroid hormone, produced in the zona glomerulosa of the adrenal cortex, is suggested to promote the development of MetS (5) (6) (7) . Excessive levels of circulating aldosterone contribute to hypertension and cardiovascular disease (8) . Patients with excessive chronic autonomous aldosterone, known as primary aldosteronism, exhibit a higher prevalence of MetS than patients with essential hypertension (9) . Current findings from cell culture experiments and animal models (10, 11) as well as from epidemiological studies (12) suggest a complex cross talk between the adipose tissue and the adrenal gland. Human adipocytes produce mineralocorticoid-releasing factors that stimulate aldosterone secretion, which in turn promotes adipogenesis (11, 13, 14) . Furthermore, epidemiological studies demonstrate that high plasma aldosterone concentrations (PAC) are associated with impaired insulin metabolic signaling, impaired pancreatic b-cell function, and insulin resistance (15, 16) . In crosssectional analyses, associations of aldosterone with MetS were demonstrated (9, 17) .
Although the previous cross-sectional studies were restricted to Black individuals (17, 18) or patients with primary aldosteronism (9) , we aimed to explore the associations of PAC with MetS in the general population. We applied data from two large, population-based German studies: the Study of Health in Pomerania (SHIP), which was conducted in the northeast of Germany and the Cooperative Health Research in the Region Augsburg (KORA), which was conducted in the south of Germany. The two study regions differ with respect to the prevalence of arterial hypertension (19) , with higher levels in northeast than in south Germany. Owing to the higher prevalence of hypertension, antihypertensive drugs, which often alter PAC levels, are used more frequently in northeast than in south Germany. In the present analyses, we also considered the influence of PAC-altering drugs (20) on our results.
Materials and methods

Study populations
The investigations in both the studies were carried out in accordance with the Declaration of Helsinki, including written informed consent of all participants. The survey and study methods of both the studies were approved by the institutional review boards (SHIP: ethics committee of the University of Greifswald; KORA: ethics committee of the Bavarian Chamber of Physicians, Munich).
The study of health in Pomerania SHIP-1 is the first follow-up of the SHIP study, a population-based health survey conducted in the northeast of Germany in the cities of Greifswald, Stralsund, Anklam, and surroundings between 1997 and 2001. A total sample of 7008 subjects was drawn from the target population consisting of all German residents of the region aged 20-79 years. Study design and sampling methods were previously described (21) . Of the 4308 participants of the SHIP-0 baseline examination, 3300 participated in the first 5-year follow-up, designated as SHIP-1. Between baseline and follow-up examinations, 234 individuals (5.4%) had deceased and 126 individuals (2.9%) had moved off the study region. Of the remaining 3948 eligible participants, 648 refused to participate in the follow-up, resulting in a response of 83.6%.
Cooperative health research in the region Augsburg
The KORA F4 study is a follow-up of the KORA S4 study, a population-based health survey conducted in the city of Augsburg and two surrounding counties between 1999 and 2001. A total sample of 6640 subjects was drawn from the target population consisting of all German residents of the region aged 25-74 years. Study design and sampling methods were previously described (22) . Of all the 4261 participants of the S4 baseline study, 3080 between 31 and 82 years of age also participated in the 7-year follow-up F4 study. Among the persons considered ineligible for F4, 176 (4%) had died in the meantime, 206 (5%) lived outside the study region or were completely lost to follow-up, and 12 (0.2%) had demanded deletion of their address data. Of the remaining 3867 eligible persons, 174 could not be contacted, 218 were unable to come because they were too ill or had no time, and 395 were not willing to participate in this follow-up, giving a response of 79.6%.
Exclusions
To create a comparable age range between SHIP-1 and KORA F4, we excluded all the participants younger than 31 years (SHIP-1, nZ187) and older than 80 years (SHIP-1, nZ131; KORA F4, nZ31). Further exclusion criteria were missing values for PAC (SHIP-1, nZ36; KORA F4, nZ33) or for one or more of the components of MetS (SHIP-1, nZ30; KORA F4, nZ27), pregnancy or missing data on pregnancy (SHIP-1, nZ16; KORA F4, nZ12), type 1 diabetes mellitus (SHIP-1, nZ7; KORA F4, nZ6), and renal disease defined as creatinine clearance !50 ml/min (SHIP-1, nZ148; KORA F4, nZ92). Some participants were excluded for multiple reasons resulting in overall study populations of 2830 individuals in SHIP-1 and 2901 individuals in KORA F4. In both the studies, drug intake was categorized according to the anatomical therapeutical chemical (ATC) classification index. To evaluate the influence of PAC-altering medication (20) on our results, we repeated all the calculations in participants without intake of antiadrenergic agents (ATC C02), diuretics (ATC C03), b-blockers (ATC C07), calcium channel blockers (ATC C08), or agents acting on the renin-angiotensin system (ATC C09) (SHIP-1, nZ1117; KORA F4, nZ868). This resulted in study sub-populations of 1713 individuals in SHIP-1 and 2033 individuals in KORA F4.
Physical examinations
During the physical examination, standardized measurements of height, weight, waist circumference, and blood pressure were performed. In both the studies, systolic and diastolic blood pressures were measured three times on the right arm of the seated participant, using an oscillometric digital blood pressure monitor (HEM-705CP, OMRON Corporation, Tokyo, Japan). For statistical analyses, the mean of the second and third measurements was used. Elevated blood pressure was defined as systolic or diastolic R130 or 85 mmHg, respectively, or self-reported use of antihypertensive medication. Antihypertensive medication was defined following the guidelines of the German Hypertension Society (SHIP-1: 18th edition (23), KORA F4: 19th edition (24) ). Fibrates (ATC C10AB) and nicotinic acids (ATC C10AD) were specified as lipid-lowering drugs. Insulin (ATC A10A) or oral antidiabetics (ATC A10B) were defined as antidiabetic drugs. Intake of estrogens www.eje-online.org was defined as oral contraceptives (ATC G03A) or hormone therapy (ATC G03C, G03D, G03F).
Definition of MetS
MetS was defined according to the joint interim statement of the International Diabetes Federation Task Force on Epidemiology and Prevention, National Heart, Lung, and Blood Institute, American Heart Association, World Heart Federation, International Atherosclerosis Society, and International Association for the Study of Obesity (25) . MetS was assigned to participants fulfilling at least three out of the following five diagnostic criteria: central obesity, elevated fasting glucose, elevated triglycerides, decreased high-density lipoprotein (HDL) cholesterol, and elevated blood pressure (Table 1 ). In SHIP-1, blood was collected from mostly non-fasting participants, whereas in KORA F4, blood samples were taken from the participants who had been fasting for at least 10 h. To compensate for the different blood sampling conditions in the two studies, modified cut-off points for elevated glucose and elevated triglycerides were applied. In KORA F4, elevated fasting glucose was defined as serum glucose concentration R5.55 mmol/l and elevated fasting triglycerides was defined as serum triglyceride concentration R1.7 mmol/l. As previously established in SHIP-1 (26), elevated non-fasting glucose was defined as serum glucose concentration R8 mmol/l and elevated non-fasting triglycerides was defined as serum triglyceride concentration R2.3 mmol/l. These cut-offs were adapted from Lidfeldt et al. (27) , who used non-fasting blood samples from 6805 middle-aged Swedish women to identify the risk factors for cardiovascular disease and diabetes.
Laboratory measurements
In both the studies, PAC was measured in EDTA plasma, whereas glucose, triglycerides, HDL cholesterol, and potassium were measured in serum.
In SHIP-1, blood samples were taken from the cubital vein of participants in the supine position between 0800 and 2000 h. PAC was measured by an RIA (Coat-A-Count Aldosterone, Siemens Healthcare Diagnostics GmbH, Eschborn, Germany). Inter-and intra-assay coefficients of variation (CV) were 15.7 and 5.4% in low as well as 3.8 and 2.3% in high concentrations respectively (28) . Triglycerides and glucose were determined enzymatically (System: Hitachi 717; Reagents: Roche Diagnostics). HDL cholesterol was quantified by lipoprotein electrophoresis (System: HELENA SAS-3 system; Helena 7 BioSciences Europe, Tyne & Wear, UK). Potassium was measured in serum by indirect potentiometry with ion-selective electrodes (QuikLYTE, Dade Behring, Eschborn, Germany).
In KORA F4, blood samples were taken from the cubital vein of seated participants in the morning. PAC was measured with an in-house immunofluorescence assay; inter-and intra-assay CV were 15.2 and 7.3% in low as well as 8.0 and 4.4% in high concentrations respectively (29) . Triglycerides and glucose were determined enzymatically (System: Triglycerides: Dimension RxL, Glucose: Hitachi 717; Reagents: Dade Behring, Marburg, Germany). HDL cholesterol was directly quantified by an enzymatic method (System: Dimension RxL; Reagents: Dade Behring). Potassium was measured in serum by indirect potentiometry with ion-selective electrodes (QuikLYTE, Dade Behring).
Statistical analyses
To characterize the study populations, we report meansGS.D. or medians (first and third quartile) for continuous variables and proportions for categorical variables. Group comparisons were performed using Kruskal-Wallis tests for continuous variables and c 2 tests for categorical variables. P values !0.05 were considered statistically significant. In order to evaluate the relationship between PAC and MetS, logistic regression models were calculated with MetS and its components as dependent and PAC as independent variables. The SHIP-1 and KORA F4 study populations were divided according to the sex-specific quintiles of the respective PAC distribution ( Table 2) . Odds ratios and 95% confidence intervals (CI) for the highest versus all lower PAC quintiles are presented.
In a pooled analysis of SHIP-1 and KORA F4 data, we tested the interaction between study region and PAC. Suggestive interactions (P!0.10) between study region and PAC were observed in models with MetS, elevated waist circumference, and elevated glucose as dependent variables. Therefore, we performed separate analyses for SHIP-1 and KORA F4.
To address confounding, we adjusted all models for age, sex, potassium, intake of estrogens (in females only), and intake of PAC-raising or PAC-lowering drugs (except for models with elevated blood pressure and MetS as outcome). All logistic regression models were weighted. Weights were accounted for dropouts between baseline and follow-up examinations and are based on sociodemographic and health-related variables. In addition to our main models, we performed a sensitivity analysis applying as alternative cut-off 6.5 mmol/l for elevated fasting glucose in KORA F4. We chose this cut-off according to the American Association of Clinical Endocrinologists, which recommends to define elevated fasting glucose as serum glucose concentration between 110 and 126 mg/dl (6-7 mmol/l) (30) . Another sensitivity analysis was performed, applying an alternative cut-off for elevated blood pressure (R140/90 mmHg), which was used in the 1998 WHO definition for MetS (30) . All statistical analyses were performed with SAS 9.1 (SAS Institute, Inc., Cary, NC, USA).
Results
The SHIP-1 and KORA F4 study populations were similar in size with roughly the same proportions of male and female participants. SHIP-1 participants of both sexes had higher body mass index as well as higher systolic and diastolic blood pressure than KORA F4 participants (Table 3) . MetS was common in both the study populations with 48.1% in male and 34.8% in female SHIP-1 participants, with 42.7% in male and 27.5% in female KORA F4 participants. Although elevated blood pressure was more frequent in SHIP-1 than in KORA F4, proportions of male and female participants with elevated waist circumference were similar. The proportion of participants who reported a diagnosis of diabetes was higher in SHIP-1 compared with KORA F4. Yet, the proportion of participants with elevated glucose level was higher in KORA F4 (42.7% in men and 27.5% in women) than in SHIP-1 (11.6% in men and 7.9% in women). In our sensitivity analysis with the modified glucose cut-off, proportions of KORA F4 participants with elevated glucose were 13.0% in men and 8.1% in women and thus substantially lower compared with the glucose cut-off applied in the main analysis. We further observed that more than twice as many SHIP-1 than KORA F4 participants had decreased HDL cholesterol, which may be partly due to the use of different methods for HDL cholesterol measurements.
The predominant single components in subjects with MetS were elevated waist circumference and elevated blood pressure. More than 90% of the SHIP-1 and KORA F4 participants with MetS had elevated waist circumference, independent of sex. In SHIP-1, 91% of men and 90% of women with MetS had elevated blood pressure; the respective proportions in KORA F4 were 85% for men and 84% for women.
The proportion of Mets was higher in subjects with PAC levels in the 5th quintile than in subjects with PAC levels in the first to fourth quintiles. Totally, 49.1% of SHIP-1 subjects and 37.7% of KORA F4 subjects with PAC levels in the 5th quintile had MetS, but only 39.4% of SHIP-1 subjects and 34.4% of KORA F4 subjects with PAC levels in the first to fourth quintiles suffered from this metabolic condition.
In our logistic regression models including subjects taking PAC-altering medication, we observed statistically significant associations of high PAC with MetS and elevated triglycerides in both the studies (Table 4) . We further detected associations of PAC with elevated waist circumference, elevated glucose, and decreased HDL cholesterol in SHIP-1 but not in KORA F4. In neither of the studies, associations of PAC with elevated blood pressure were observed. The analyses excluding participants taking PAC-altering medication revealed associations of high PAC with MetS, decreased HDL cholesterol, and elevated triglycerides.
Our sensitivity analysis using a modified cut-off for elevated glucose in KORA F4 partly changed our results. In the model including subjects taking PAC-altering medication, we now observed an association of high PAC with elevated glucose (odds ratio 1.65, 95% CI: 1.28-2.12). In the model excluding subjects with PACaltering medication, no association was observed (odds ratio 1.47, 95% CI: 0.96-2.26). This modified cut-off for elevated glucose provided results more similar to the results from SHIP-1. Our second sensitivity analysis using a modified cut-off for elevated blood pressure also 
Discussion
We observed associations of PAC with MetS and lipid metabolism disorders in two studies of non-selected volunteers conducted in northeast and south Germany. Previous reports from cross-sectional studies demonstrated associations of aldosterone with MetS in Black population (17, 18) and a higher prevalence of MetS in primary aldosteronism than in essential hypertension (9) . In a longitudinal analysis (7), using data from the Table 4 Associations between high PAC with MetS and its components. Definitions of MetS and its components as referred to in Table 1 . Odds ratios and 95% confidence intervals (CI) for fifth versus first to fourth PAC quintiles are displayed. Models were calculated separately for SHIP-1 and KORA F4. All logistic regression models were adjusted for age (continuous), sex (male/female), potassium (continuous), and intake of estrogens (in females only). Models including all subjects were further adjusted for intake of PAC-raising or PAC-lowering drugs (except for models with elevated blood pressure or MetS as outcome). 
Components of the MetS
tests (categorical variables)
. P values !0.05 were considered significant. Owing to different sampling conditions as well as different laboratory methods, group comparisons were not performed for MetS, elevated glucose, decreased HDL cholesterol, elevated triglycerides, and PAC. a PAC-raising drugs: diuretics (ATC C03). b PAC-lowering drugs: antiadrenergic agents (ATC C02), b-blockers (ATC C07), calcium channel blockers (ATC C08), and agents acting on the reninangiotensin system (ATC C09).
Framingham Heart Study, aldosterone was associated with incident MetS. Our results add to the increasing evidence supporting a relation between aldosterone and MetS.
The biological mechanisms underlying the association of aldosterone with MetS are not yet fully understood. It has been suggested that elevated circulating aldosterone levels may cause increased inflammation and oxidative stress, which in turn may promote insulin resistance, impaired pancreatic b-cell function, endothelial dysfunction, and hypertension (31) . Findings from observational studies support the evidence from experimental studies. In White, predominantly hypertensive individuals' relationship between PAC on the one hand and insulin, insulin resistance, and hyperinsulinemia on the other hand were observed (32) . In Black subjects, an association of PAC with insulin and the homeostatic model assessment insulin resistance index was detected (18) . Yet, in the same study (18) , no association between PAC and glucose was observed. Our regression models revealed an association between PAC and elevated non-fasting glucose. We also observed an association between PAC and elevated fasting glucose when we applied the 6.5 mmol/l cut-off, but not when we applied the weaker 5.55 mmol/l cut-off. Both associations were lost in models excluding subjects taking PAC-altering medication. As in these models only 2.7% of SHIP-1 and 4.5% of KORA F4 participants had elevated glucose, this might be a power problem. Whether there are associations of PAC with insulin in SHIP-1 or KORA F4 was not addressed, since we currently do not have any data on insulin concentrations from either study.
Consistent with our findings, associations of PAC with the obesity-related components of MetS including decreased HDL cholesterol (17) , elevated triglycerides (18) , and elevated waist circumference (17, 18) were observed in Black subjects. It has been suggested that in a self-strengthening process, human adipocytes may stimulate aldosterone production by producing mineralocorticoid-releasing factors, which in turn can promote adipogenesis and inflammation (13, 14) . Our analyses revealed associations of high PAC with MetS, elevated triglycerides, and decreased HDL cholesterol in SHIP-1 and KORA F4 as well as elevated waist circumference only in SHIP-1. The corresponding odds ratios of all associations were higher in SHIP-1 than in KORA F4. Previous studies (19, 33) demonstrated that the prevalence of cardiovascular risk factors such as smoking or obesity vary between the SHIP-1 and the KORA F4 populations. We assume that the higher burden of cardiovascular and metabolic risk factors in northeast compared with south Germany partially accounts for the higher strength of the associations of PAC with the components of MetS in SHIP-1 versus KORA F4.
We further assume that our results have been affected by the intake of PAC-altering medication, as in all models, except HDL cholesterol, the strength of the associations decreased when subjects taking PACaltering medication were excluded versus included. At the same time, the associations observed in the models excluding versus including subjects taking PAC-altering medication were essentially the same. This implies that independent of whether PAC levels are altered by drug intake, high PAC levels are associated with MetS and its components.
A further conceivable explanation for the differences between SHIP-1 and KORA F4 may be unaddressed confoundingly. Salt intake, for instance, affects both PAC and blood pressure (34) . Unfortunately, salt intake was not measured in our cohorts. Furthermore, genetic variations between the two populations (35) may have influenced our results.
The contribution of excessive aldosterone levels to hypertension is unquestioned (8, 36) . Results from two longitudinal analyses using data from North America and France (37, 38) demonstrated that serum aldosterone levels may contribute to the development of hypertension. Other cross-sectional studies suggest that the association of aldosterone with elevated blood pressure is generally stronger in Black than in White individuals (39) or is only present in older individuals (mean age 61 years) (17) . In contrast to these studies (17, 39) , our cross-sectional analyses did not reveal a significant association between PAC and elevated blood pressure, which may have different reasons. First, in the model excluding subjects taking PAC-altering medication, the excluded participants represent the majority of participants with elevated blood pressure (55.5%) and MetS (58.1%). This introduces a selection in the study population and reduces statistical power. Secondly, we observed no association between high PAC and elevated blood pressure defined as systolic or diastolic R130/85 mmHg. When elevated blood pressure was defined as systolic or diastolic R140/90 mmHg, we observed an association in SHIP-1. This might imply that the association of high PAC and elevated blood pressure increases with severity of disease.
The reported prevalence of MetS in the SHIP-1 and KORA F4 study populations were impressively high. In a previous publication (40) using KORA data, it was shown that the prevalence of MetS strongly depends on the criteria used to define the condition. In a population of elderly KORA participants, the prevalence of MetS varied between 24-46% in women and 28-57% in men, depending on the definition used (40) . We, therefore, applied a recent definition for MetS, published by several major organizations, which represents an attempt to harmonize MetS (25) .
Major strengths of our study are the population-based study design, the large number of participants in both studies and the standardized data collection performed by trained and certified examiners.
Limitations arise from technical differences in the measurements of PAC, plasma glucose, triglycerides, and HDL cholesterol between SHIP-1 and KORA F4. Prior to the present analyses, we examined the influence of blood sampling time and fasting status on PAC and found no significant effect (39) . By creating study-specific quintiles for PAC and using modified cut-offs for non-fasting levels in the definition of MetS, we corrected for these differences. Nevertheless, we cannot rule out that the different methods used to measure PAC, plasma glucose, HDL cholesterol, or triglycerides in the two studies introduced some bias. Another limitation of our study is that all participants were under random sodium diet and under regular medication, including PAC-altering drugs. In contrast to clinical studies with small samples, SHIP-1 and KORA F4 are large, observational studies, in which it is not possible to change antihypertensive treatment or dietary habits of our participants. Moreover, we used single-occasion measurements from our participants. It is arguable whether single measurements can appropriately represent the PAC, plasma glucose, HDL cholesterol, or triglyceride profiles of our subjects. Unfortunately, for logistic reasons, it is impossible to repeat blood sampling in our population-based studies.
Taken together, our results obtained in non-selected, White individuals from northeast or south Germany revealed associations of PAC with MetS and lipid metabolism disorders. Owing to the high prevalence of MetS and its components in the general population, future research should focus on a better understanding of the mechanism underlying the associations of PAC with MetS and lipid metabolism disorders.
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